The presence of viral DNA in the absence of disease has suggested that papillomaviruses, like many other viruses, can exist as latent infections in the skin or other epithelial sites. In animal models, where detailed investigation has been carried out, papillomavirus DNA can be found at sites of previous infection following immune regression, with the site of latent infection being the epithelial basal layer. Such studies suggest that immune surveillance can restrict viral gene expression in the basal and parabasal layers without efficiently suppressing viral genome replication, most probably through the action of memory T-cells in the skin or dermis. Although gradual papillomavirus genome loss appears to occur over time at latent sites, immunosuppression can arrest this, and can lead to an elevation in viral genome copy number in experimental systems. In addition to immune-mediated latency, it appears that a similar situation can be achieved following infection at low virus titres and/or infection at epithelial sites where the virus life cycle is not properly supported. Such silent of asymptomatic infections do not necessarily involve the host immune system and may be controlled by different mechanisms. It appears that virus reactivation can be triggered by mechanical irritation, wounding or by UV irradiation which changes the local environment. Although the duration of papillomavirus latency in humans is not yet known, it is likely that some of the basic principles will resemble those elucidated in these model systems, and that persistence in the absence of disease may be the default outcome for at least some period of time following regression.
INTRODUCTION
Infection of a host with a virus can have several outcomes. An acute infection may develop that is followed by recovery from the virus (or in some cases, death) and complete elimination of the virus from the host. Alternatively, a chronic or persistent infection may result, with long-term carriage of the virus with or without further bouts of acute disease. Instead of viral clearance following infection, a state of viral latency may develop, during which no clinical signs of disease are apparent and new virus particles are not produced and released. It is possible that such a latent infection may undergo subsequent reactivation leading to new virion synthesis, with or without the reemergence of clinical disease. Many viruses have a latent stage to their life cycle, and it has long been considered that papillomaviruses are no different. The classic model of viral latency is perhaps the alphaherpesvirus, Herpes Simplex Virus-1 (HSV-1), the cause of labial cold sores and with which at least 90% of the general population are infected [1] . Following an acute and productive infection of epithelial cells usually early in life, HSV-1 migrates by retrograde axonal transport along sensory neurones and enters a latent phase in nuclei in the sensory ganglia [2] . This serves as a reservoir of infection from which anterograde transport can lead to recurrent disease later in life, often in response to factors such as immune suppression [3] . HSV-1 latency is very well characterized, but for papillomaviruses, this level of detail does not yet exist. Much of the evidence for latent papillomavirus infections in humans is based on clinical observations and is often anecdotal because of ethical concerns associated with the collection of biopsy samples from humans that may have latent virus, but no signs of clinical disease. Such clinical observations include the higher incidence of cervical papillomavirus infection in human immunodeficiency virus (HIV) seropositive versus seronegative patients, which may result from the reactivation of latent papillomavirus infection following immunosuppression [4] [5] [6] . Similarly, organ transplant recipients undergoing iatrogenic immunosuppression have a higher incidence of high-risk papillomavirus type infections that are associated with cervical neoplasia [7] [8] [9] and it has been considered that in many of these cases, reactivation of a dormant or latent infection may be important [10, 11] . Genital infections with low-risk HPVs such as HPV-6 and HPV-11 are also considered to cause latent infections [12] , which may account for the high recurrence rates of genital papillomas following treatment [12, 13] . Similarly, latent HPV-6 and HPV-11 infection of the mucosal lining of the upper airways of individuals with recurrent respiratory papillomatosis (RRP) may be one of the factors responsible for the frequent and multiple recurrences of papillomas [14] [15] [16] [17] [18] . These observations and the limitations of studying latency in humans, has driven investigators to make extensive use of animal models of infection. In most cases, a better understanding of HPV latency has been the primary objective, although it appears that some economically important animal diseases may also be associated with latent infection. These include BPV4-associated urinary bladder cancers in cattle [19] [20] [21] [22] , and equine sarcoids in horses, which are associated with BPV1 and BPV2 [23] [24] [25] [26] [27] ) and which constitute the most common equine skin tumour [23, 24] . BPV 1 and BPV 2 DNA can be detected in the normal skin of horses affected by equine sarcoids, and the occurrence of sarcoids at sites of skin wounding and/or following physical trauma suggests a possible reactivation from latency [25] [26] [27] . Similarly, the frequent detection of BPV-4 DNA in normal bovine bladder mucosa has suggested its presence as a latent infection that can undergo reactivation when cattle graze on pastures rich in bracken fern [21] . BPV4 is thus considered as a model of the synergistic actions of a chemical and a biological agent in carcincogenesis as well as a model of papillomavirus latency.
ANIMAL MODELS FOR THE STUDY OF PAPILLO-MAVIRUS INFECTION AND LATENCY
Understanding the natural history of papillomavirus infection and latency, has until recently been hampered by the lack of convenient laboratory animal models. Papillomaviruses have been isolated from a diverse range of domestic and wild species, but for laboratory studies, rats and mice are generally preferred because of their small size and because of the availability of validated biological reagents and transgenic mutant mouse strains. Papillomaviruses have been found to cause cutaneous papillomas and sebaceous carcinomas in the European Harvest Mouse (MmPV which infects micromys minutus) [28] , as well as the oral cavity of hamsters (mesocricetus auratus) [29] , but transmission to naïve animals and/or laboratory species has not been reported. More recently, papillomaviruses have been detected in clinically normal oral tissues in wild rats (Rattus norvegicus) [30] , and perhaps more importantly, in papillomas from immunocompromised laboratory mice (Mus musculus) [31] . These rodent papillomaviruses are contained within the Pi Genus [32] , and are related (albeit distantly) to the Gamma and Beta types that cause asymptomatic infection in humans. While musPV is not a perfect model of infection and disease caused by the high-risk Alpha types, it will allow us to elucidate the basic mechanisms of PV latency and the role of the immune system in the years to come, and it is likely that much of this work will be relevant to human disease. Other small animal models used to study papillomavirus latency include the African natal multimammate rat (Mastomys natalensis), which is associated with both inapparent disease and cancers in its natural host [33] [34] [35] . The multimammate rat is an unconventional laboratory animal however, and as a result of this, its widespread use has been restricted.
The limited availability of well-characterized rodent models, (as described above), has meant that most previous work on papillomavirus latency has focused on larger domesticated animals, and in particular on rabbits, dogs and cattle. Canine oral papillomavirus (COPV) is a naturally occurring mucosal papillomavirus that does not usually cause problematic clinical disease, except in rare instances where the virus can cause severe non-regressing papillomatosis [36] . Experimental infection of the oral mucosa leads to the formation of large papillomas within four to eight weeks, followed by spontaneous immunemediated regression [37] . As a mucosal virus, COPV has been proposed as an animal model of HPV 6 and 11-associated RRP in humans [38] , and has also been used in vaccine development [39] [40] [41] [42] , and to investigate the immune response to infection [37, 43] . Despite the apparent similarities in tissue tropism, COPV and HPVs have a number of organizational differences, which emphasize the general need for caution when using animal models. COPV contains a 1.5kbp regulatory region between E2 and L2 that is not present in HPVs [44] , and in the lesions that COPV causes, viral genome amplification begins in a subset of infected basal cells rather than being restricted to only the suprabasal cell layers [45, 46] . Rabbit oral papillomavirus (ROPV) has a similar tropism to COPV, and induces spontaneously regressing and benign papillomas in domestic rabbits [28, 47] . Experimental infection gives rise to papillomas that form over a period of four weeks or so, followed by immune-mediated regression [48, 49] . On the basis of life-cycle organization and genome similarities, ROPV appears to more closely mimic the low-risk mucosal HPV types such as HPV-6 and HPV-11 [46] , and infects genital tissue in both male and female rabbits [48] . Domestic rabbit (Oryctolagus cuniculus) can also be infected with an entirely different papillomavirus, the Cottontail Rabbit Papillomavirus (CRPV), whose natural host is the cottontail rabbit (Sylvilagus floridanus) native to the Americas. While ROPV has a tropism for oral epithelium, CRPV has a tropism for cutaneous epithelium, with papillomas appearing around four weeks after experimental infection of domestic rabbits [50] . Approximately 10% of papillomas undergo spontaneous regression in domestic rabbits, with 60-75% being persistent and progressing to squamous cell carcinoma [51, 52] , and because of this, CRPV has been used as a model of high-risk HPV disease. In addition to the papillomaviruses found in rabbits and dogs, more than 10 different bovine papillomaviruses (BPV) have so far been described. The size of the bovine host, and the expense and difficulties surrounding animal management has limited the use of cattle as an in vivo model system. Finally, a model system of cervical papillomavirus infection does exists in the rhesus macaque, with this model being used to advance our understanding of the biology of HPV cervical infection [53] , although as yet, not our understanding of latent infections.
EVIDENCE FOR THE PERSISTENCE OF PAPILLO-MAVIRUSES AS LATENT INFECTIONS
The persistence of papillomaviruses in a latent state necessitates the maintenance of the viral genome in the infected cell, either as an episome or integrated into the host cell DNA. Persistence in the absence of clinical disease does not necessarily exclude viral activities required for genomemaintenance, such as low-level viral genome replication and production of viral transcripts and proteins (described in more detail below). CRPV was one of the first papillomaviruses used to investigate papillomavirus latency, and in this system, the inoculation of rabbit skin with high concentrations of virus rapidly leads to the formation of large papillomas. By contrast, inoculation with low concentrations of virus does not lead to papilloma formation, although viral DNA can be detected at the site of inoculation for as long as 18 weeks after infection [54] (Fig. 1) . Such 'asymptomatic' or 'silent' infections were accompanied by low-level expression of CRPV E1 transcripts, suggesting a possible requirement of the viral E1 helicase [55] . While these studies support the general concept of persistence in the absence of overt disease, they have not established whether persistence can also occur following immunemediated disease-regression ( Fig. 1) . This has however been examined in separate studies using CRPV and COPV, and more recently, and in more detail, using ROPV [49] . In none of these systems could the site of latent infection be established using DNA in situ hybridization methods, suggesting that the genome copy number per infected cell is very low [45, 49, 56] . Such approaches have only limited sensitivity however, and do not generally detect papillomavirus genomes even in the basal layer of productive papillomas. Using more sensitive PCR approaches, low levels of papillomavirus DNA could clearly be detected at sites of previous infection in all three systems, with persistence for at least a year post-infection in the absence of clinical signs of disease [45, 49, 56] . Although the heterogeneous nature of papillomas complicates copynumber estimation in the basal and suprabasal cell layers, the papillomavirus burden was reported to drop from around 7.5 genome copies per cell in warts, to as little as one genome copy per 40-1000 cells following lesion clearance [56] . Our more detailed studies of ROPV-infected rabbits suggest a similar scenario. Following immune-regression, ROPV genomic DNA was present at levels that were up to 6 logs lower than in mature papillomas. Such results are consistent with the presence of genomes in only a small fraction of cells, and with a lack of significant genome amplification in the upper layers of the epithelium [49] . It appears that following experimental infection at least, viral latency is a common sequela to papilloma regression, with latent genomes being detected in the majority of tissue samples obtained from the majority of rabbits [49, 56] . For these papillomavirus types, and we suspect for other types too, viral latency may be a typical outcome of disease resolution by the immune system, as happens for example with HSV-1.
For low-risk papillomavirus types such as ROPV or HPV11, it has been suggested that papilloma formation requires virus entry and genome maintenance in an epithelial stem cell [57] . Lesion-persistence may depend on the longevity of this cell, with viral genome-containing daughter cells (i.e. the infected transiently amplifying cells) populating the epithelial basal layer around the infected stem cell as it undergoes normal cell-division. Following immuneregression, it is thought that such infected stem-cells may harbour latent papillomavirus genomes, with reactivation occurring following changes in host immune-status, or following changes in the level of hormones, cytokines and/or growth factors [45, 55] . In our ROPV study, we were able to specifically localize latent viral genomes using laser capture microscopy to the basal cells of the epithelium [49] . In the population of basal cells examined using this approach, viral genomes were often detected at less than one copy per cell, suggesting that only a subset of basal cells, and possibly the basal stem cells were infected [58, 59] . Despite observing viral DNA in the basal layer, we only rarely found evidence of viral genome amplification in the cell layers above, suggesting that the virus may be maintained in a quiescent or inactive state in cells with a capacity for self-renewal. As seen in asymptomatic CRPV infections [55] , viral transcripts were reproducibly present in latently infected ROPV tissues [49] , and in addition to E1 transcripts, other early mRNA species (E2, E6), including spliced forms, were detected. It is possible that the control of viral gene expression following immune regression may be different from that seen following low-titre infection where the low-level expression of E1 mRNAs were observed. Despite extensive analysis of tissue sections, we have not yet been able to detect late viral proteins at sites of previous infection (E1^E4 and L1), supporting the idea that genome amplification and virus synthesis does not occur or is rare. Thus, for ROPV infection at least, the post-regression genomes appear truly latent.
ACTIVATION AND REACTIVATION OF LATENT PAPILLOMAVIRUS
From the work described thus far in animal models, it has been shown that papillomavirus genomes can persist in the absence of clinical or microscopic signs of disease. However, of greater importance is to attribute some significance to this and to define the importance and potential consequences of such persistence. Anecdotal tales suggest that latent human papillomavirus infections can sometimes undergo reactivation leading to disease recrudescence. The high recurrence rate of low-risk genital HPV-6 and 11 infections following treatment is often attributed to the reactivation of latent papillomavirus infections [12] . Immune suppression, either iatrogenic and drug-induced following organ transplantation, or secondary to HIV infection, appears to facilitate papillomavirus reactivation, and has been well documented in the case of Beta HPV disease [10, 11, [60] [61] [62] [63] . Finally, in individuals suffering from recurrent respiratory papillomatosis (RRP), the high recurrence rates at sites of previous infection, and the demonstration of viral DNA and RNA transcripts in the absence of clinical lesions has led to the suggestion that latency may underlie recurrence in susceptible patients [15-18, 64, 65] . The study of animal models has provided an opportunity to define the factors involved in reactivation more precisely. Mastomys Natalensis Papillomavirus (MnPV) infection of the multimammate rat appears to represent an 'endogenous infection', with extrachromosomal viral genomes being present in a variety of organs in laboratory colonies [35] . Although an unusual model system, MnPV has given us some intriguing insights into viral latency. Typically in the young animal, MnPV DNA is present at low copy number in the skin in the absence of clinical signs of disease. Following repeated chronic mechanical irritation of the skin with fine glasspaper over a period of eight weeks, a 58-fold increase in viral DNA copy number was detected compared to non-irritated skin [34] . With the same treatment regime applied over a period of 67 weeks, there was a significant increase in the formation of cutaneous tumours when compared to the skin of nonirritated mice. A similar effect was described when a tumour promoter, tetradecanoyl-phorbol-13-acetate (TPA) was applied to the skin [35] . These findings would suggest that stimulation of cellular proliferation and induction of epithelial hyperplasia, either by chronic mechanical irritation or by application of compounds, is sufficient to promote the activation of apparently latent papillomavirus genomes. The importance of mechanical irritation has also been demonstrated in the establishment of CRPV papillomas. Mechanical irritation of rabbit skin prior to infection with CRPV virions or genomes enhanced infectivity, but it is not clear whether or not such treatment has an effect on latent CRPV infection [66] . In our own studies on rabbits infected with ROPV, we were not able to reactivate latent infection by mechanically wounding previously-infected tongue tissue, although this may be largely due to accessibility difficulties and the sensitive nature of the tissue which precluded multiple treatments being applied over time. It would appear from the MnPV model that chronic mechanical irritation is necessary. The CRPV model has however provided additional useful insights. After inoculation of Cottontail Rabbits with a low dose of virus, Zhang et al.
investigated the response of latent viral genomes to exposure to ultraviolet light [55] . During the asymptomatic phase of infection, when viral genomes were present in the absence of lesions, analysis of tissue biopsies by reverse-transcription PCR and Southern blotting revealed the presence of E1 transcripts which may be necessary for the maintenance of the viral genomes in infected cells [67] , but not E6 and E7 transcripts associated with stimulation of cellular proliferation. As little as one week after irradiation with ultraviolet light, the authors were able to detect E6 and E7 mRNA at the sites of infection, with papillomas developing subsequently at some locations. It appears in this system, that expression of E1 may play a role in maintenance of the virus as a latent infection, but that E6 and E7 expression were needed for activation to form clinical lesions. The universal requirement for E1 has recently been questioned however, and it has been speculated that some PV types may be able to persist in the basal layer in the absence of this PVspecific replication protein [68] . In our work on rabbits infected with ROPV, we detected E6 and E7 transcripts as well as E1 and E2 transcripts at low levels during latency, but at vastly reduced copy number compared to productive infection [49] . The detection of transcripts cannot be equated to expression of protein, but it seems possible that low levels of early viral proteins may be necessary during papillomavirus latency, but that the precise requirements may differ depending on papillomavirus type and possibly also on whether latency is controlled by the immune system or has resulted from low titre infection. In both situations however, the expression of viral proteins is likely to be low in order to avoid immune stimulation.
Whether or not viral proteins are produced during latency, the host immune system is likely to be central to the regulation of the latent state. Studies of experimental animal infections have been valuable in determining the sequence of events that lead to the spontaneous regression of papillomas and in defining the nature of the host immune response to papillomavirus infection. Regression of papillomas is typically associated with a heavy infiltrate of T-cells and macrophages into the epithelium and underlying stromal tissue leading to rapid lesion clearance [37, 56, 69] . In these systems, the cell-mediated immune response would appear to be directed particularly against the early proteins E6 and E2 and is maximal just prior to regression [43, 70] . Following regression, antibodies directed against the L1 capsid protein can be detected and may protect against subsequent challenge [36] . We believe that continual immune surveillance is key in maintaining papillomaviruses in a latent state as is the case with other DNA viruses that enter latency, such as HSV-1 [3, 71] , and the presence of memory T-cells in the epithelium provides us with a mechanism by which this may be achieved [72] (Fig. 2) . Interestingly, recent studies in humans have suggested that latent HPV infections may be associated with particular methylation patterns on the viral episome and presumably also with limited gene expression [73] . If our hypothesis that recurrence in HIV-infected individuals and renal transplant recipients is due to the reactivation of latent infections, then a waning immune response would appear to be necessary to facilitate recurrence. In the CRPV model of asymptomatic infection described earlier, a low level virus inoculation was found to be insufficient to allow papilloma formation, and probably also insufficient to stimulate a strong cell-mediated immune response against viral antigens [54, 55] . Therefore, subsequent exposure to ultraviolet light and induction of a DNA damage response would be sufficient to allow activation of the virus in the absence of a robust immune response. According to this model, we have examined whether latent ROPV can be reactivated by drug-induced suppression of the host immune system. Our unpublished data suggest that a prolonged period of immune suppression does stimulate early events during reactivation, with evidence of an elevation in viral genome copy number at sites of latent infection. These experiments have however been challenging because of the difficulty of inducing a chronic state of immune suppression in rabbits. Recently, a novel papillomavirus (MusPV) has been isolated from a laboratory mouse [31] . MusPV has a tropism for cutaneous epithelium, and crude virus preparations and DNA have been successfully used to induce the appearance of discrete benign papillomas in immunocompromised mice. The genome of MusPV has been fully sequenced and has been classified as a member of the Pi genus, with it's closest relatives being other rodent papillomaviruses [74] . Such a mouse model has obvious value for the study of papillomavirus latency, given the availability of immunodeficient strains of Mus musculus and the ability to suppress and deplete components of the host immune system and it is hoped that the MusPV genome will soon become available to the papillomavirus research community. Furthermore, by causing cutaneous disease on readily accessible areas of the body, opportunities may be afforded to investigate other factors that are important in reactivation, such as chronic wounding and application of substances.
A PROPOSED MODEL OF PAPILLOMAVIRUS LATENCY
Primarily through studies of experimental animal infections, we are beginning to define and understand papillomavirus latency. Drawing together results of experiments performed in animals, supported by clinical observations in humans, we can build a proposed model of how a latent stage of the papillomavirus life cycle may occur. Although some papillomaviruses may have specific ways to access the epithelial basal cell layer (e.g. via the squamo-columnar junction or via hair follicles), in many cases it is thought that papillomaviruses gain access to basal cells of the epithelium via cuts or abrasions, and that the establishment and maintenance of infection requires entry into a long-lived cell such as the epithelial stem cell [57] . Following infection, there are two potential outcomes. A clinically apparent lesion may form as is seen for example with ROPV infection of the rabbit tongue with virions. In other cases, a clinically silent infection may develop, that may or may not involve the completion of the full productive virus life cycle (Fig. 1) . Such an infection has been observed in rabbits infected with a low dose of CRPV [54, 55] . Where new virions are not formed, this may represent a form of viral latency, but in this situation, there is unlikely to be immune cell involvement. Following the 'apparent' clearance of an acute productive infection, viral latency may also ensue, in which a fraction of basal epithelial cells (possibly the epithelial stem cells or stem-like cells) retain viral genomes, most probably in the form of episomal DNA (Fig. 2) . In the absence of a strong immune response, factors such as a DNA damage response, or the stimulation of cellular proliferation by wounding will stimulate proliferation of cells harbouring viral DNA. In turn, lesions may form, as appears to occur in latent CRPV infection, following exposure to UV light [55] . Alternatively, where latency has developed following lesion regression driven by a strong cell-mediated immune response, we believe that subsequent virus reactivation may occur upon suppression of the immune system. A weakened immune system is likely to allow virus-infected cells to undergo proliferation with completion of the productive virus life cycle, with or without the re-emergence of lesions (Fig. 2) . For studies of virus reactivation in particular, we expect that animal models will play a key role in the further development of these models.
CONCLUDING REMARKS
Clinical observations of humans and animals infected with papillomaviruses have for a long time led to the assumption that papillomaviruses can form latent infections. Our understanding of papillomavirus latency has been substantiated by a limited number of studies using experimental animal models of infection carried out in relatively few labs. However, despite the important advances that have been made, our overall understanding of papillomavirus latency is still very much in it's infancy, particularly when compared to the vast wealth of knowledge pertaining to other viral infections. The ubiquity of HPVs and their mounting association with a growing range of diseases (including severe papillomatosis and diverse cancers), is directing more interest towards the understanding of papillomavirus latency. The recent discovery of a laboratory mouse papillomavirus is a significant and long-awaited advancement in the field, and one that will hopefully allow us to address the many unanswered questions that remain. 
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